Using tight-binding molecular dynamics we simulate the formation of single wall carbon nanotube T junctions via the fusing of two nanotubes. We propose energetically efficient pathways for this process in which all atoms maintain their sp 2 arrangements throughout. Recent experimental advances have greatly increased the plausibility of synthesizing T junctions as proposed in the simulations. We further report I-V characteristics of the formed junctions.
The discovery of carbon nanotubes by Iijima [1] was followed by the observation of complex nanotube junctions in experiments [2, 3] . Single wall carbon nanotube (SWCN) junctions offer the possibility of use in nanoscale electronic devices. A two-terminal heterojunction formed by two nanotubes, one semiconducting and the other metallic, can function like a rectifying diode. The three-terminal junctions, however, are more versatile since the third terminal could be used for controlling the switching mechanism, power gain, or other transisting applications that are needed in any extended molecular electronic circuit. Theoretical calculations have described device applications of three-terminal nanotube junctions [4 -7] .
Very recently, experimentalists have succeeded in creating X-shaped molecular connections by welding achieved by electron beam irradiation of crossing SWCNs [8] . On further irradiation with the electron beam they were selectively able to remove one of the arms of the X junction to create Y and T junctions. This work demonstrated the feasibility of using controlled electron irradiation in tailoring the junction geometry to create desired SWCN multiterminal junctions.
In this Letter we present energetically efficient topological sequences involving two SWCNs leading to the formation of T junctions using tight-binding molecular dynamics simulations. We note that similar modeling has been carried out for fullerene-nanotube coalescence [9, 10] . The initial configuration in our simulations involves a capped SWCN approaching the wall of another SWCN. In the final configuration the two nanotubes coalesce to form T junctions with appropriate arrangement of topological defects. No structural defects (vacancies or interstitials) are present at any step of the process and the transformation is achieved only through topological defects. The total number of carbon atoms remains the same at each step. It should be noted, however, that the total number of possible pathways for T junction formation could be too numerous for an exhaustive analysis. We explore the lowest energy pathway for the process. Since the initial and final geometries involve only sp 2 bonding for all carbon atoms, it is reasonable to assume that having only sp 2 bonding during each of the intermediate steps of coalescence would provide the lowest energy pathways. The intermediate steps involve formation of many topological defects in the form of pentagons, heptagons, octagons, etc. Furthermore, the defects must obey a generalization of the well-known Euler formula specifying the local bond surplus at the junction [11] . In this scheme, each pentagon causes a bond surplus of ÿ1, while heptagons and octagons contribute to bond surpluses of 1 and 2 each, respectively. According to the generalized Euler rule, for all three-point junctions (such as T junctions), the total bond surplus at each junction should be 6. With these in mind, in the following we propose a sequence of intermediate steps leading to the formation of two distinct T junctions in which all carbon atoms remain sp 2 coordinated throughout. The structures are relaxed at each step using the generalized tight-binding molecular dynamics (GTBMD) scheme of Menon and Subbaswamy [12] .
In Fig. 1 we show an eight step process leading to the formation of a 9; 0-10; 0-9; 0 T junction. In the first step (1) a capped zigzag 10; 0 nanotube is shown near a P H Y S I C A L R E V I E W L E T T E R S week ending 3 OCTOBER 2003 zigzag 9; 0 nanotube wall containing defects. All defect rings are shown in red. These defects could arise due to localized electron beam or ion-beam irradiation induced localized heating/welding at the location of the junction point (see Ref. [8] ). These defects can very well be initiated by the formation of a Stone-Wales (SW) defect [13] followed by the separation of pentagon-heptagon pairs. Formation of such defects under dynamic strain condition simulations has been observed previously [14] . The two SWCN clusters contain 288 carbon atoms. Note that the defected 9; 0 nanotube contains six more carbon atoms than the corresponding defect-free nanotube. These defects, however, do not break the sp 2 atomic arrangement. In the second step (2) four intertube bonds connect the nanotubes. These bonds form sides of two octagonal defects that are situated between the two nanotubes. Additionally, there are ten pentagons, six heptagons, and two enneagons (nine-membered rings). In step 3, the enneagons are annihilated completely and the two octagons move more into the 9; 0 nanotube and additional internanotube bonds are formed. This structure also contains eight pentagons and ten heptagons. In the next step (4) the two octagons have moved almost completely into the 9; 0 nanotube region. Additionally, there are six pentagons and eight heptagons. In step 5 the two octagons move into the two ''arm pits'' of the emerging T junction. This structure also includes four pentagons and six heptagons. The two octagons are annihilated in the next step (6) and the structure is left with defects in the form of six pentagons and 12 heptagons. In step 7, the two octagons emerge again, but on the 10; 0 side of the junction. Additionally, the structure includes four pentagons and six heptagons. The next step (8) results in the final configuration in which, once again, the octagons are annihilated. The structure now contains topological defects in the form of eight heptagons and two pentagons only. By keeping track of the defects it is easy to see that the bond surplus at every step of the process remains 6, confirming the generalization of Euler's rule. 
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The two SWCN clusters here contain 294 atoms. The eight step process in which sp 2 coordination is maintained throughout for all the atoms in the junction region is shown in Fig. 2 with defects in red. In the first step (1) the capped end of the 10; 0 nanotube is near the defected region of the 5; 5 nanotube. Note that the 5; 5 nanotube with defects contains two more carbon atoms than the corresponding defect-free case, while preserving the sp 2 arrangement of carbon atoms in the nanotube. All structures are, once again, relaxed using the GTBMD scheme. In the second step (2) the internanotube connectivity is through four bonds forming the sides of four octagons. This structure also contains defect rings in the form of four pentagons and two heptagons. In step 3 two of the octagons are annihilated, and additionally, the structure contains four pentagons and six heptagons in the junction region. In step 4, the rearrangement of atoms causes the neck to widen. The defects are identical to step 3, but their positioning is different. The subsequent arrangement of defects as we proceed toward the final structure is six pentagons and 12 heptagons (step 5); four pentagons, six heptagons, and two octagons (step 6); and two pentagons and eight heptagons (step 7). The final structure (step 8) contains seven heptagons and no pentagons.
More insights can be gained from a study of energies at various steps leading to the formation of the two T junctions. The structures are fully relaxed at each step and the total energy is calculated using the GTBMD scheme. The relative energies at each step in the formation of the two T junctions are plotted in Fig. 3 (large circles and squares) . We have also calculated intermediate energy points (small circles and squares) that rule out the presence of large barriers between the steps. As seen in the figure, an increase in energy (indicating a barrier to the process in steps 1-3) is followed by a drop in energy (in steps 3-8) without any significant barrier. The activation barrier to the process, thus, is the overall increase in energy in steps 1-3. Note that topological defects already exist before step 1 and are shown in red in Figs. 1 and 2 . Note that static activation barrier for formation of a SW defect in a pristine nanotube has been reported to be between 8-12 eV by different groups using different techniques [15, 16] . We, however, emphasize that the relevant activation barrier for the T junction formation process should be dynamic rather than static. Indeed, the dynamic activation barrier for formation of a SW defect has been reported recently for the first time [17] . The value of 3.6 eV reported there for the dynamic activation barrier is considerably lower than the generally accepted value of 10 eV for the static activation barrier. The experimental process reported in Ref. [8] can, therefore, easily create the defects necessary for step 1 and lends strong support to the plausibility of the T junction formation process proposed here. The subsequent contribution of about 5 eV is rather small and indicates relative ease of the formation of the junction if topological defects at the junction site are already formed. The mechanism of SW defect formation during the electron beam irradiation and annealing of a bundle of nanotubes has been used to explain the coalescence of nanotubes in a bundle [18] . We use the same mechanism and similar energetics to the initiation of the tip to the side wall welding of nanotubes in the formation of T junctions reported in our work. Once the initial barrier is overcome, the formation of the junction in steps 3-8 can be driven by the lowering of energy, as shown in Fig. 3 .
We next investigate the transport properties of T junctions obtained in our simulations. The quantum conductance of the SWCN T junction is calculated using a Green function embedding scheme [19] . The Green function is constructed using the same Hamiltonian as used for obtaining structural relaxation. This method has been used to obtain the current-voltage (I-V) characteristics of SWCNs in pristine form as well as in the presence of defects [19] . In particular, I-V results obtained for SWCN Y junctions using this method revealed asymmetric behavior and rectification [7] , in complete agreement with experimental results on these systems.
In Fig. 4 we show the I-V characteristics of the T junction obtained in the simulations shown in Fig. 1 . The left (L), right (R), and the stem (S) branches of the 10; 0-9; 0-9; 0 T junction are shown in the inset of Fig. 4 . The current direction is taken to be positive when flowing toward the junction region and negative otherwise. The current versus voltage characteristics were calculated by applying a voltage V s on the stem branch, and a gate V g voltage on the L (R) branch and keeping the R (L) branch grounded. This configuration is similar to the Y junction observed and analyzed in our earlier FIG. 3 . Relative energies at each step of the formation of 9; 0-10; 0-9; 0 and 5; 5-10; 0-5; 5 T junctions (large circles and large squares, respectively), as calculated using the GTBMD scheme. Intermediate energy points are represented by small circles and squares.
work [7] . Current versus voltage (I s -V s ) characteristics in the stem section of the T junction for different gate voltages are shown in Fig. 4 . For V g 0:0 eV (i.e., only voltage applied through the stem terminal) a rectification of the current I s for positive V s voltages is observed. This is similar to the behavior observed earlier in the case of a symmetric Y junction where both arms of a Y junction were kept grounded and a voltage V s was applied only through the S terminal. The symmetric T junction, therefore, behaves like a symmetric Y junction with the stem terminal made of a semiconducting nanotube. For V s smaller than ÿ0:6 eV the negative current (current flowing away from the junction) starts to increase, whereas no significant change in current is observed for any positive value of V s . The effect of introducing an asymmetry can be investigated by keeping one of the L (R) branch grounded and applying gate voltage V g through the terminal R (L) on the system. As compared to the V g 0:0 eV case, the effect of applying V g through one of the L (R) branches is to modulate the whole curve up by increasing negative gate voltages varying between ÿ0:5 and ÿ2:0 eV. Also, the change is minimal for V g 0:5 eV. For negative V g 's smaller than ÿ0:5 eV, significant modulation in the whole I s -V s curve is observed. Even though there is no rigorous separation of the gate voltage from the current flowing in the stem terminal, the gate voltage can be used to modulate the whole curve up and down. This may be useful as an analog current modulator by changing the gate voltage applied through L (R).
We have presented energetically efficient all sp 2 pathways for the formation of SWCN T junctions. Recent experimental advances have greatly increased the plausibility of synthesizing T junctions as proposed in the simulations. We have also calculated the transport properties of the thus formed T junctions.
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